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ABSTRACT

The spectrum of calcium hydride has been extended to include the Av = —1 sequence of
the A2I1— X?2Y band and the 2-3 band of the B2Y — X 2% band system, enabling a better
determination of the deperturbed vibration-rotation parameters for the X2%, A%Il, and
B?Y states. A global fit has been performed with a Hamiltonian in which the near
degenerate B2 electronic state has been removed from the Van-Vleck summation of
the A-type doubling parameters and is included directly in the Hamiltonian. A standard

deviation of 0.058 cm™! is obtained for the nonlinear least square fit of 2129 lines.
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1. INTRODUCTION

Calcium hydride has been the subject of many spectroscopic studies due to its astrophys-
ical interest, beginning with its identification in solar and stellar spectra. Rotational
analyzes of the A%l — X%% (Red), B?Y —~ X?% (Orange), C?L.— X2%, D*Y — X?%
(Blue-green), and E?II — X2% (Blue) transitions have provided considerable insight
into molecular structure and spectroscopy, and have been used to make CaH a hydride
prototype case study (Herzberg (1950)).

Recently it has become the focus of considerable experimental and theoretical inves-
tigations owing to the recognition of significant perturbations in the electronic structure
and spectrum due to the presence of a double minimym in the B-state potential energy
curve (Berg and Klynning (1974, 1974a), Berg, Klynning and Martin (1976), Klyn-
ning and Martin (1981)). Multiple minima in potential energy curves can result when
avoided crossings between potential curves of different electronic states occur. In this
case a repulsive neutral electron configuration crosses through two different attractive
ionic electronic configurations. The resulting electronic structure is a mixture of the
three configurations, which bears little resemblance to the typical asymmetric harmonic
oscillator potentials (Shida, Tanaka, and Ohno (1987), Chambaud and Levy (1989)).

The present work expands on the work of Martin (1984) with a simultaneous deper-

turbation analysis of the red and orange band systems to obtain molecular parameters

for the X235, A%Il, B?%, and B"Y electronic states. In the present work the A-type
doubling is included explicitly and the result is an order of magnitude improvement in
the standard deviation of the global fit. Nevertheless, the fact that the standard devia-
tion is considerably larger than the uncertainty in the measurement of the line positions

indicates that some refinement of the theoretical model remains to be done.

2. EXPERIMENTAL

The source was a commercial King furnace operated at temperatures from 1475 to 1760
K, filled with hydrogen at a pressures from 200 to 500 torr. Special care was taken to
operate the furnace within a temperature range that produced measurable absorption in
both the A-X and B-X transitions without permitting saturation in any of the stronger
spectral lines. The spectrometer was the McMath Fourier transform spectrometer at

the National Solar Observatory, Kitt Peak, set to a resolving limit of 0.034 cm™!, and a
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wavenumber range of 14000 to 16000 cm™!. The interferogram was the sum of twenty
to thirty scans over a period of an hour, which produced a signal-to-noise ratio of about
200 for the strongest CaH lines.

A line list was generated from the transformed interferogram using the interactive
data-processing code DECOMP written by Brault, and adapted for use with IBM PC-
compatible computers (Brault and Abrams (1988)). Each identifiable CaH line, when
absorption was changed to absorbance, was fitted with a Voigt function to obtain accu-
rate estimates of the wavenumber, intensity, width, damping parameter and equivalent
width. The doublet splitting was observable, although many of the lines were blended.

For the 2129 lines identified and fitted the mean error in line position when fitting
branches was 20 mK which is somewhat large for line widths of 100 mK and signal to
noise ratios of 2 to 200. Absolute wavenumber calibration was made from the stabilized
laser interferometer control, without comparison to internal standards. The wavenum-
bers and J-value assignments for the newly observed lines of the A-X (Red) system are
given in Table 1, and for the lines of B-X (Orange) system in Table 2. The identification
of all other transitions is consistent with the works of Martin (1984) and Klynning and
Martin (1979).

3. THEORY

Effective Hamiltonians for the interpretation of the spectra of diatomic molecules begin

with approximating the exact Hamiltonian by
H=Ho+ Hror+Hrs+ Hrp + HepLp (1)

where Hy includes all the rotation independent terms of the Born- Oppenheimer approx-
imation and involves only electronic and vibrational quantum numbers. The hyperfine
splitting is unresolved in the infrared and consequently the hyperfine interaction terms
have been omitted. Hgror is the rotational energy and Hep includes the centrifugal
distortions of the rotational energy. The term Hpg describes the fine structure interac-
tions and Hp and HopLp describe the lambda doubling interaction and its centrifugal

distortion respectively. The rotational Hamiltonian HroT is

Hpor = B(r)R? — D(r)R* + H(r)R® (2)
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where
h2
2ur?

B(r) = (3)

is the radial part of the rotational energy operator Hror, t is the reduced mass and
r is the internuclear distance. D(r) and H(r) are the quartic and sextic corrections to
B(r). The first-order rotational energy operator B(r)R? can be evaluated using Hund’s
coupling case (a), where the operator R represents the angular momentum of the rigid

nuclear framework, yielding
B(r)R? = B(r)[(J - L) - S}?

= B(r)[(3* - J) + (L* ~ L%) +(S8* - 5%)
—(J+L_ + J..L+) - (J+S— + J_S+) + (L+S.. + L_S+)] (4)

where the + subscripts indicate angular momentum raising and lowering operators. The

fine structure Hamiltonian has three phenomenological components
Hps = Hss + Hso + Hsr (5)

where the spin-spin interaction energy is rigorously zero for doublet states, the spin-orbit

interaction is

Hso = A(rL S + L A(r)(L4 - + L_S5) (6)

and
Hsp=q(r)(J-L-8)-S (7)

is the spin-rotation interaction energy operator. For off-diagonal matrix elements the
terms involving raising and lowering operators include perturbations that are included
at higher order in the microscopic Hamiltonian. In the preceding discussion interactions
that couple different electronic states were neglected. However, interactions between
¥ and II states of the same multiplicity produce the lambda doubling splitting which
remove the degeneracies of the A components of the %Il state. We use three lambda-
doubling parameters, following Mulliken and Christy (1931), ov, pv, and gy (defined
in Table 3) and focus on terms of the rotational and fine structure Hamiltonians Hror

and Hrg that contribute to interactions between the 2% and 211 states.
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The lambda-doubling Hamiltonian has the form
1 \
Hip = ~B(r)(Js Lo+ J-Ly) + [BG) + 5 AC)(E+ S~ +L-Sy).  (®)

A Van Vleck transformation may be used to “fold in” the combined effects of the per-
turbing states as a correction to the matrix elements of the Born-Oppenheimer states

we can replace equation (8) with an effective lambda-doubling Hamiltonian

B = Sav(Js + 17 — (Gav + 3pv)[(J4 + J-)(S+ +5-)

(84 +S)Js + I+ (3av + 5pv +ov)(Ss +52). )

The Van Vleck transformation can be used to generate higher-order corrections to ac-
count for the centrifugal distortion of the molecule as it rotates. Definitions of the
effective higher order parameters are given in Table 3. The sextic centrifugal distor-
tion H results from a third-order Van Vleck correction to the rotational energy; as does
the centrifugal correction to the lambda-doubling parameters generates pp and ¢p. In
fourth-order the significance of many terms becomes poorly determined and only ¢p is
included in our analysis. At this level the physical significance of the terms is obscure
at best and in practice the parameters are retained simply to introduce a particular
J-dependence in the Hamiltonian as suggested in equation (2).

The matrix elements of the unique perturber approximation Hamiltonian are evalu-
ated using a basis set of Hund’s case (a) wavefunctions that are simultaneous eigenfunc-
tions of J2, S2, J,, S, and L, with corresponding eigenvalues J(J + 1), S(S+1), 2, I,
and A. The complete wavefunction is a product of an electronic-vibrational wavefunction
[n,v) and the case (a) wavefunction |ALSQJ) symmetrized with respect to reflection in
the plane containing the internuclear axis. In the analysis of CaH three symmetrized .

wavefunctions are necessary

1S1/2e/5) = \/-(| i) £ P E—1/2)) (10a)
I j2esg) = (l I 2} £ PIT_y 12)) (108)
|2H3/2e/f) = 7(| Ha/z) + | o 3/2)) (10c)
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Components of the rotational energy Hamiltonian Hror and the spin-orbit interaction
Hamiltonian Hgo couple states of different electronic character, and cause the mixing
of the zero-order wavefunctions which is the origin of perturbations. The perturbation

interaction has been described by Lefebvre-Brion (1974) with two terms.
Lo o
a= §<H,v [AL4|Z,v) (11)

B = (IL,v'|B(R)L+|E, v) (12)

which contain the operator L, and couple states of ¥ and II form through a spin-orbit
(A) and rotation-electronic (B) interaction.
The matrix elements for the e and f parity sublevels of the X2X state are given by

the expression
(X221/2|X2§31/2) =T+ B(zF1) - D[xz(x F1)?) + H[z*(z ¥ 1))
1 1 1
- 571 F2) - 51 F2)J(J +1) - 51 F2) I (T +1)°

where z = (J +1); when a sign is given, the upper sign refers to the e sublevels and the
lower one refers to the f sublevels. Nondegenerate perturbation theory is inadequate to
describe the interactions between the A%II, B2Y, and B2L states and consequently the
perturbing levels are taken out of the Van Vleck summations and included explicitly in
the Hamiltonian. The matrix elements for the A%Il, B2E, and B states are given in
Table 4.

4. ANALYSIS AND DATA REDUCTION

Molecular parameters are determined by directly fitting the data using deperturbation
methods. The procedure and the computer code follow the methods outlined by Field
(1971), Albritton et al (1976), and Lefebvre-Brion and Field (1986). Line positions are
directly computed from term values of the upper and lower state which are determined by
diagonalization of the secular determinant of the model Hamiltonian. Trial parameters
are taken from previous works or extrapolations in vibrational or rotational parameters
and used to refine the spectroscopic identification of each line position. A nonlinear
least square fitting procedure allows the molecular parameters to be adjusted until an

satisfactory fit is achieved.



Spectroscopic identification and classification of rotational lines is performed by
fitting each branch to a polynomial in J using the interactive computer code ANALYSIS
(Pecyner and Davis (1988)). Such a fitting method is vital for following the development
of each branch and correctly identifying perturbations. Lines which deviate from the
expected position by more than three standard deviations (30) are purged from the fit
before the fit is recalculated. The branches of each band are then fit simultaneously with
the nonlinear fitting algorithm NLFIT, used in previous analyses of diatomic spectra, to
refine initial parameters for each band and to identify perturbed or misidentified lines
(Abrams et al (1992).

A global fit is then used to derive equilibrium parameters. In this fit all lines are
used in the successive iterations (no lines are purged as the fit progresses). In each
case trial parameters are developed and used to set up the Hamiltonians of the upper
and lower states. Diagonalization generates the Fy and F; sublevels for each J-value
of the upper and lower states, from which calculated line positions are obtained for the
transitions. Direct comparison of the calculated wavenumbers with the corresponding
experimentally observed line positions generates corrections to the molecular parameters
from which a new set of term values is calculated and the procedure is repeated until
convergence is achieved. The final global fit of 2129 lines yielded a standard deviation
of 0.058 cm~!, which is an improvement over the previous result of 0.11 cm™?! for 1818
lines (Martin (1984).

Deperturbed parameters for the X2%, A%Il, B2E, and B'?X states are given in Ta-
ble 5. Interaction parameters describing the effects in the A%II(v4)/B?E(vp) interaction
are given in Table 6. A comparison with the results of Martin reveals two major differ-
ences: he did not include any A-type doubling parameters for the AIl state, whereas
they are fully determined in this work. Consequently the B values of the B?Y state
differ significantly. Secondly, the values of Hpp obtained in this work are Hyg = 13.8
cm~!and Hy = 30.6 cm™!, whereas Martin obtained 7 cm™?! and 23 cm™! respectively

in a semiempirical fit.

CONCLUSIONS
We report the measurement of 2129 spectral lines of the red and orange systems of

calcium hydride, including new transitions in the Av = —1 sequence of the AIl — X?% '

band and the 2-3 band of the B?Y — X2%¥ band system which have been analyzed to
obtain deperturbation parameters for the X2, A?Il, and B%Y states. A global fit has
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been performed to a Hamiltonian including the near degenerate B'2¥ electronic state
explicitly. A standard deviation of 0.058 cm™1is obtained for the nonlinear least square
fit of 2129 lines to 90 parameters including the A-type doubling parameters for the A2II

state.
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Table 3 ‘
Second- and Third- Order Matrix Elements for the UPA Hamiltonian
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Table 4

Matrix Elements for the A%Il, B2Y, and B'?L States of CaH

Evaluated in an e¢/f Symmetrized, Hund’s case (a) Basis Set

(A?IL, ;o | APTL, ) = T — -;‘- — Apa?
+ Bx? 4+ D[1 — z* — 2?] + H[2® + 3(2? — 1)® + 2% — 1]
+ 2l e+ 2152007 +1)
+inFa+ 20 F I+ + L F 22T +1

(A?ILy | 47Ty 5) = T+ 5 + Ap(a? — 2)
+ B(z% — 2) 4+ D[1 ~ 2% — (2% — 2)?] + H[(2® — 2)® + 3(z® — 1)® ~ 2® + 1]
+ 56" — 1+ Lle? - 17 + 1)+ T le? - )77 +17
(A%M135|A%M, o) = —B(2? — 1)/% + 2D(2® — 1)*/% — H(a? - 1)'?[3(2® — 1)* + 27
+ %(xi’ —1)1/2 _ 1"1‘3(332 —1)12J(J +1)
- 2L Fal@® - DV = (1 F al(e? — 1)'/7I(T +1)
- L Fal(e? - )T + 1)
(B*S1/2|B*S12) =T + B(z ¥1) + D[a*(z F 1)*] + H[z* (2 ¥ 1)°]
— A(1F2) — 23p(1 F DI +1) = 531 F 2)T(J +1)
(B*S1/2|AT ) = a+ B(1 F 2)
(3221/2|A2H3/2) = —,3(-732 - 1)1/2
(3221/2|B'221/2) = Hpp:
(B"%,5|B”%12) =T + BJ(J +1) — D(J*(J +1)?

The matrix elements are given for the e and f parity sublevels with = (J + 3).
Wher a sign is given, the upper sign refers to the e sublevels and the lower one
refers to the f sublevels.
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Table 5a

Molecular Parameters for the A%Il State of CaH®

PSR

v
B,

D, x 10!
H, x 10°
Ap x 108
Py

PD X 105
gy x 10?

gp % 10°
qn x 10°

0
14429.8280(59) -
79.804(12)

4.347439(70)

1.89099(76)
5.472(28)
—2.514(20)
—.72951(74)
10.587(68)
—7.2036(36)
1.3225(60)
~1.632(25)

1

15725.3903(92)

79.845(14)
4.244360(85)
1.88180(119)
5.007(54)

—3.036(26)
—.7091(16)
7.92(11)

—6.797(11)
1.226(13)

—1.676(58)

2

16980.174(16)

79.879(24)
4.140588(126)
1.8517(18)
[1.148]

—3.621(62)
—.7484(26)
8.07(27)

~6.477(23)

935(42)
1.62(27)

3
18194.558(52)
79.907(93)
4.03398(58)
1.6946(167)
[.505]
—9.51(40)
—7775(72)
6.5(20)
—6.164(61)
.35(20)
~10.3(18)

@ All values are given in reciprocal centimeters, and the error quoted is one

standard deviation in the last decimal place. Bracketed quantities are held con-

stant during the fitting process.
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Table 5b
Molecular Parameters for the B2Y State of CaH*

v 0 1 2

T, 15753.7211(98)  16997.978(22) 18189.901(96)
B, 4.41205(12) 4.29273(23) 4.16200(34)
D, x 10* 2.1598(13) 2.2059(44) 2.4874(90)
H, x 10° 6.367(48) 4.28(31) [1.51]

5 —.70994(86) —.7507(14) —.8463(32)
p x 10° [4.35) [5.17] [2.27]

¢ All values are given in reciprocal centimeters, and the error quoted is one
standard deviation in the last decimal place. Bracketed quantities are held con-

stant during the fitting process.
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Table 5¢
Molecular Parameters for the X2 State of CaH®

v 0 1 2 3

T, 0.0 1260.0983(79) 2481.952(14) 3665.321(19)
B, 4.227758(69) 4.130903(74) 4.03354(14) 3.93557(15)
D, x 10* 1.83173(67) 1.83120(87) 1.8368(35) 1.8473(23)
H, x 10° 5.284(21) 5.299(34) 5.80(28) [6.10]

~y .03824(69) .03710(71) .03574(92) .0349(16)
yp % 10° 1.62(13) 1.32(17) 1.27(16) 1.22(48)
v x 108 —1.533(59) —1.289(98) [—1.213] [~1.213)

@ All values are given in reciprocal centimeters, and the error quoted is one
standard deviation in the last decimal place. Bracketed quantities are held con-

stant during the fitting process.

21



Table 6 Interaction Parameters for the A%Il and B%2Y States of CaH

v A]/.Bo A2/B] A3/Bz

a 557(37) —.859(34)  —3.058(29)
B .6930(29)  .8534(29) .8296(24)

a All values are given in reciprocal centimeters, and the error quoted is one.

standard deviation in the last decimal place.
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